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Abstract-A new experimental technique to evaluate gas-particle heat transfer coefficients in fine particle 
fluidized beds is described. The technique makes use of the change in magnetic properties of a low curie- 
point ferrite to track the changing temperature of a cold sample of particles injected into a hot fluid&d 
bed. The bed is 28 mm in diameter and is surrounded by a detection coil which is capable of sensing the 
change in magnetic properties of the material comprising the bed. A model is developed which relates the 
output voltage signal from the detection coil to the gas-particle heat transfer coefficient. Preliminary 

experimental results are compared with the model. 

INTRODUCTION 

DURING the last 30 years extensive work has been 
carried out in determining gas-particle heat transfer 
coefficients in fluidized beds. The results of this work 
are summarized in Fig. 1. From this figure it is seen 
that as the particle Reynolds number is reduced below 
100 (fine particle systems) the reported experimental 
particle-gas heat transfer coefficients, h,, all lie 
increasingly below the Ranz and Marshall [18] equa- 
tion for single particles, as low as one thousandth of 
the expected minimum, and also appear to have no 
limiting value as Re, + 0. 

There is much discussion about this disagreement, 
particularly because so far only indirect methods have 
been used to evaluate h, for fine particles. However, 
this whole question can be resolved once and for all 
by a direct measurement of h,, say by inserting a 
thermocouple into a particle and dropping this par- 
ticle into a fluid&d bed at a different temperature. 
But how to do this for 100 pm particles (the size of a 
human hair) and even smaller. 

The purpose of this paper is to describe an exper- 
imental technique and accompanying theoretical 
analysis for obtaining directly the changing tem- 
perature of particles during an unsteady-state oper- 
ation. These particles can be in fluidized beds, or else- 
where and can be as small as desired, down to the 
micrometer range. From the transient temperature 
history of a particle the value of h, can be obtained 
directly, i.e. without assuming the flow patterns for 
gas and solids within the bed. 

This experimental technique makes use of the 
change in magnetic permeability of a solid to infer 
its temperature. In essence the technique consists of 
injecting a sample of cold ferro-magnetic particles into 
a hot fluidized bed. As the temperature of the injected 

particles changes so does the magnetic permeability. 
This change in magnetic permeability is detected by a 
coil surrounding the fluidized bed. The coil acts as one 
leg of an inductive bridge circuit which is connected to 
an impedance meter. The impedance meter (ferrite 
sensor) amplifies and conditions the signal from the 
coil and produces a voltage output which is pro- 
portional to the magnetic permeability of the material 
within the coil. In this manner the temperature history 
of the injected sample of particles can be recorded 
with time and from this information the heat transfer 
coefficient for the cold particles in the hot bed can be 
determined. 

The material used in this experiment was TC-71 
ferrite supplied by TDK, Inc., Japan. This material 
possesses very high magnetic permeability at ambient 
conditions but shows a rapid decrease in magnetic 
properties at temperatures greater than 70°C. The 
relative change in magnetic permeability of this 
material is shown in Fig. 2 and details of the exper- 
imental determination of this curve are given in 
ref. [19]. Since this material possesses a low curie 
temperature (approximately 70°C) the experimental 
technique outlined above can be implemented at a 
relatively low temperature, i.e. less than 100°C. 

EXPERIMENTAL EQUIPMENT 

A schematic diagram of the experimental setup is 
shown in Fig. 3. House air is fed to the two beds via 
a regulator and rotameter. Heating coils are placed 
on the inlet lines to both fluidized beds and are fed by 
a d.c. power supply capable of supplying up to 10 A 
of current. This system allows the fluidizing air to be 
heated up to approximately 100°C prior to entering 
the beds. The fluidizing air flows up through the beds 
and out to the atmosphere. Around each of the beds 
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constant in equation (4) [Vj 

constant in equation (1) [Vj 
constant in equation (4) [V K-l] 

constant in equation (1) [Vj 
constant in equation (4) [Vj 
constant in equation (1) [s-‘1 

t time [s] 
T temperature [K] 

%lf minimum superficial fluidization velocity 
[m s-‘1 

V voltage response from ferrite sensor M. 

_ _ 
specific heat capacity of s( lid particles 3 

[J kg--’ K-‘1 
constant in equation (4) [K-l] 
first-order exponential time lag function 
from equation (7) [-] 

Greek symbols 

P, density of solid particles [kg m m~3] 

71 time lag for electronic equipment [s]. 

function relating ferrite output voltage to Subscripts 
particle size, time and other variables curie 
defined in equation (5) [-_I E final 
particle-bed heat transfer coefficient i initial 
wrn-‘Km’] in input 
characteristic length of particles out output 
(volume/surface area) [m] cg steady-state value 
mass fraction probability density fraction 192 minimum and maximum sizes in particle 

L-1 size distribution. 

there is a detector coil which is connected to the ferrite 
sensor. 

A more detailed diagram of one of the fluidized 
beds is shown in Fig. 4. The bed is constructed from 
a transparent butyrate plastic tube which is suitable 
for the temperatures used in this experiment. The bed 
was built with a double pass heating section around 
the inner tube to ensure as uniform a temperature as 
possible, and to minimize heat loss to the sur- 
roundings. 

The direction of the flow of air through the bed is 
indicated in Fig. 4. After passing upward in the outer 
section and downward in the middle section the air 

dP"O PO 
Rep=- 

p’o 
FIG. 1, Previously reported fluid-particle heat transfer data 
in fluidized beds (numbers next to curves are reference 

numbers). 

finally passes upward through a packed bed of 1.5 
mm glass beads held in place by two 200 mesh nylon 
distributor screens and through the fluidized bed of 
particles to the atmosphere. Four 127 pm type K 
thermocouples were used to sense the temperature at 
various points in the bed and the location of these is 
also given in Fig. 4. 

The location and dimensions of the detector coil 
which is placed around the fluidized bed is given in 
Fig. 5. The coil consists of approximately 2300 turns 
of 34 AWG insulated copper wire arranged in four 
layers, and wound on a 44 mm i.d. butyrate tube, 
which is a tight fit over the fluidized bed unit. A helical 
copper ground shield is wound around the coil and 
the whole unit is wrapped with a protective sheath of 
mylar. 

The electronic detection instrumentation, or ferrite 
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FIG. 2. Relative change of magnetic permeability with tem- 
perature for ferrite TC-71. 
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FIG. 3. Schematic diagram of fluidized bed system used in the heat transfer experiments. 

sensor, is a modified metal detector similar to those and 20 V peak to peak) is delivered to the bridge 
used in airports. The details of the electronic circuitry and with no ferro-magnetic material in either coil the 
are given elsewhere [19] but a brief description of its bridge is adjusted to give the same voltage in each leg. 
operation wilf follow. When a magnetic material is present in one of the 

The detector coils act as two legs of an inductive coils the impedance of that coil changes and different 
bridge circuit. A low distortion sine wave (950 Hz, amplitude sine wave voltages will appear in each leg 
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FIG. 4. Detailed diagram of fluidized bed assembly. 
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FIG. 5. Diagram of ferrite detection coil. 

of the bridge. The difference between these two volt- 
ages is amplified and conditioned to give a steady 
voltage at the output of the ferrite sensor. This output 
voltage is directly proportional to the amount of mag 
netic material in the coil. Therefore, by injecting mag- 
netic material into one of the fluidized beds while 
keeping the other one empty the magnetic per- 
meability of the injected sample will be indicated by 
the output voltage from the ferrite sensor. 

The device used to inject the sample of cold ferrite 
particles into the hot fluidized bed is illustrated in Fig. 
6. This consists of a PVC plunger inside a clear plastic 
tube. Attached to the lower end of the plunger is a 
thin cylindrical tube into which the sample of ferrite 
particles is placed. A rubber stopper is force fit on the 
end of the outer tube to hold the particles in place, 
and is attached to the outer tube by a nylon thread. 
Stopper and injection device are removed quickly 
from the bed after injection of the particles. A 33 mm 
plastic disk is attached to the top of the plunger and 
when this is depressed it meets a similar disk secured 
to the top of the outer tube. A small roller type switch 
is countersunk into the lower disk such that when the 
plunger is fully depressed and the two disks meet the 
switch closes. This switch is connected to the computer 
data acquisition system, an IMI-ADALAB system 
installed in an IBM-PC computer. Thus closing this 
switch triggers the software program to start taking 
data from the ferrite sensor. In this way data is taken 
only when the injection device has been inserted into 
the bed and the particles have been released. 

Ideally the material used in the hot fluid&d bed 
should be the same ferrite as that injected into the bed. 
However, the bed temperature is maintained close to 

MICROSWITCH 

TO COk’“TER DATA 
ACQUISITION SYSTEM 

SAMPLE TO BE 
INJECTED INTO BED 

/ 

,RUGBER STOPPER 

ALL DI~~IDNS IN 
MILLIMETERS 

FIG. 6. Diagram of injection device used in the hot and cold 
mixing studies. 

90°C and from Fig. 2 it is evident that at this tem- 
perature the ferrite has a small but appreciable mag- 
netic permeability. Since the ferrite sensor is very sen- 
sitive, e.g. a 150 mV signal is produced when only 0.5 
g of ferrite (at 25°C) is present, the presence of this 
large mass (appro~mately 60 g) of hot ferrite pro- 
duces a very large amount of background noise which 
masks the signal from the injected ferrite sample. For 
this reason it was decided to use a non ferro-magnetic 
material in the bed. The material chosen was zirconia 
which has a density approximately 20% greater than 
the TC-71 ferrite. Narrow size cuts of zirconia and 
ferrite between 328 and 116 p were used in the 
experiments. The size of zirconia used in a given 
experiment was usually one size cut smaller than the 
injected ferrite to ensure that the minimum fluidizing 
velocities of ferrite and zirconia were approximately 
the same ; for details see ref. [ 191. The pairs of zirconia 
and ferrite particles used in the experimental runs are 
given in Table 1. 

Table 1. Properties of the pairs of ferrite TC-7 1 and zirconia 
particles used in the experimental runs 

System 
Zirconia Ferrite 0&,)k~~,, 

(Tyler screen size cuts) &Airconla 

I so-40+ 45--5o+ 0.85 
II 40--7o+ so--6o+ 1.07 
11X 6c--7Of 60--7O+ 1.00 
Iv so--1OO+ 70--8o+ 1 .os 
v MO-t20+ 80--loo+ 0.94 
VI 120--140+ MO--120+ 1.00 
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FIG. 7. Typical response curves for the cold mixing studies. 

EXPERIMENTAL PROCEDURE 

Cold mixing studies in a JEuidized bed 
Preliminary work indicated that the distribution of 

ferrite particles in the bed influenced the response of 
the ferrite sensor, the signal being greater if the par- 
ticles were close together, in a clump, than when the 
particles were homogeneously dispersed in the bed. 
For this reason it was decided to carry out a study on 
the response of the sensor to a cold sample of ferrite 
being injected into a cold fluidized bed. Three rep- 
lications of this cold mixing experiment were made 
for each zirconia-ferrite combination given in Table 
1. A typical set of results is shown in Fig. 7 where it 
can be seen that the signals from the sensor (recorded 
at 250 Hz) show an approximately exponential decay 
with a time constant of the order of 1 s. The voltage 
output was modelled as an exponential decay of the 
following form : 

Y=A,+B,exp(-C,t) (1) 

and the constants A,, B, and C, were fitted using a 
least squares error criterion for each pair of ferrite- 
zirconia particles used. 

Hot mixing studies in a fluidized bed 
Similar experiments to those carried out in the pre- 

vious section were performed but using a fluidized bed 
at approximately 90°C. Before injecting the particles 
the thermocouples in the bed were monitored to 
ensure that steady state had been reached. The output 
voltage from the ferrite was recorded at 250 Hz using 
the microswitch on the injection device to synchronize 
the start of the data acquisition with the injection of 
the particles. Some typical response curves for the hot 
mixing studies are given in Fig. 8. It can be seen 
from these curves that there is a rapid drop in outImt 
voltage from the ferrite sensor consistent with the 
heating of the ferrite particles and the consequent 
drop in magnetic permeability. 

The decay of the response curves shown in Fig. 8 is 
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FIG. 8. Typical response curves for the hot mixing studies. 

due to two processes. The first is the loss in magnetic 
permeability due to the increase in temperature of 
the injected ferrite particles. The second effect is the 
dispersion of the clump of injected particles in the 
fluidized bed which was addressed in the cold mixing 
studies. If the raw data from the hot mixing studies 
are divided by a scaled form of equation (1) namely 

V 
-= 1 +?exp(-C,t) 
V, 1 

then a new curve will result. This adjusted curve now 
represents the curve which would have been obtained 
if the clumping of the injected particles had no effect 
on the output voltage from the sensor. The assump- 
tion used here is that the rate of dispersion of the 
injected particles is not influenced by the temperature 
of the fluidized bed, which is reasonable for this 
experiment. Thus this adjusted curve represents the 
true heating curve for the injected sample of ferrite 
particles. An example of this adjusting procedure is 
shown in Fig. 9. 

0 I 2 3 4 5 

time (sl 

FIG. 9. The effect of adjusting the data to take account of 
the mixing of injected ferrite. 
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ANqLYSlS OF DATA 

Formulation of mathematical model 
In the following section a simple analysis is pre- 

sented to take into account the effects of the size 
distribution of particles comprising the injected sam- 
ple and the small lags associated with the electronic 
equipment. Throughout this analysis it is assumed 
that the particles are isothe~al and have no radial 
temperature distribution. This assumption is justified 
by the fact that the Biot numbers for the particles used 
in this study are very small, typically less than 0.005. 
Another assumption made in this analysis is that the 
heat transfer coefficient h, is the ‘true’ particle-gas 
heat transfer coefficient for a single particle immersed 
in a fluidized bed. It will be shown, however, that the 
value of h, obtained from this analysis is not this ‘true’ 
particle-gas coefficient but some averaged value for 
the particle in the clump of cold injected particles. The 
consequence of this assumption along with ways to 
alleviate it are presented in the section on the dis- 
cussion of preliminary results. 

For a single isothermal particle initially at some 
temperature 77, which is suddenly exposed to a hot 
medium at temperature Tr at time t = 0, the tem- 
perature of the particle Tat any time t is given by 

$$=exI+$-J-1. (3) 

Now the output voltage from the ferrite sensor for a 
given weight of sample of uniformly distributed ferrite 
in a bed of zirconia is given (from Fig. 2) as 

I’= A+BT, l-G Tc 

V= Cexp(-DT), T> T, (4) 

where the curie temperature (Z’,) is taken to be the 
temperature at which the magnetic permeability of 
the ferrite first starts to decrease, and from Fig. 2 is 
approximately 67°C. 

By substituting equation (3) in equation (4) we 
obtain 

7-G Tc 

7-2 T, (5) 

or simply 

v = g(L, t). 

Thus knowing the particle size L we can predict the 
output voltage as a function of time from equation 

(5). 
In practice the relationship given in equation (5) 

may not be sufficient to describe the response. Two 

more factors which affect the output, and as yet unac- 
counted for, are 

(a) size distribution of particles ; 
(b) time lag of the electronic equipment. 

As mentioned previously the different ferrite sam- 
ples injected into the fluidized beds were narrow size 
cuts between adjacent Tyler screen sieves. It was 
assumed that the mass distribution of particles was 
uniformly distributed between the maximum LZ and 
the minimum L, sizes of particles in the sample thus 

U-U =& L, d L d L2 
2 I 

= 0, otherwise (6) 

where P,.(L) is the mass fraction probability density 
function. 

The electronic equipment, namely the ferrite sensor, 
has a time lag associated with it. This lag can be 
accurately represented by a first-order system with 
time constant 5,. The input and output signals from 
the ferrite sensor may therefore be related by the fol- 
lowing convolution integral : 

= s V,,(t)E(t - T) dr (7) 
0 

where 

The value of z, measured for the ferrite sensor was 
0.012 s and has only a small effect in these experiments. 

By combining equations (5)-(7) we obtain the pre- 
dicted output voltage from the ferrite sensor taking 
into account the heating of the particle, the change 
in magnetic pe~eability, the effect of different size 
particles and the effect of time lags in the electronic 
equipment. Thus 

v”,t(t) = 
K2 

E(t-z)g(L,z)P,(L)dLdz. (8) 
Q L, 

On introducing the experimentally determined par- 
ameters into equation (8) the only unknown is h,. 
T&u if a value of h, is assumed then equation (8) can 
be integrated numerically and the ferrite sensor output 
voltage generated as a function of time. The profile 
generated in this way can then be compared with the 
experimentally measured profile and the value of h, 
which minimizes the sum of squares error between the 
data and the model is taken to be the best estimate 
of the true heat transfer coefficient. Details of the 
parameter estimation and numerical integration and 
regression are given elsewhere 1191 but some pre- 
liminary data and model profiles are compared in Fig. 
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FIG. 10. Comparison of adjusted data and model for a hot 

mixing experiment. 
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FIG. 11. Preliminary results of study compared with pre- 
viously reported fluid particle heat transfer data in fluidized 

beds. 

10. The general trend between the model and data is 
good although there is some error in the scaling which 
may be accounted for by slight amplifier drift in the 
equipment occurring between different experiments. 

DISCUSSION OF PRELIMINARY RESULTS 

The preliminary experimental results for the zir- 
conia and ferrite pairs given in Table 1 are presented 
in Fig. 11. It can be seen that these data lie below the 
Ranz and Marshall [18] equation for single spheres 
in air but well above most other experimenters. The 
believed reason for the results being below the Ranz 
and Marshall equation is that the injection method is 
imperfect and that the dispersion time for the clump 
of particles is of the same order of magnitude as the 
characteristic heating time for the individual particles. 
It is believed that this effect causes the overall heating 
process to be slower, i.e. the heating of the particles 
in the middle of the clump takes longer than for those 

on the outside since the former are shielded. Thus 
the h, values obtained in these experiments are some 
spa&l average value for the clump as it breaks up. 
This problem can be alleviated by a more rapid injec- 
tion and mixing of particles in the fluidized bed. For 
the case when the mixing of the injected particles takes 
place very quickly, i.e. much faster than the thermal 
relaxation time of the injected particles, the above 
analysis will yield the true particle-gas heat transfer 
coefficient. At present an improved method of particle 
injection is being sought. 

CONCLUSIONS 

An experimental method has been described which 
makes use of the change in magnetic properties to 
trace the temperature history of a sample of cold 
particles injected into a hot fluidized bed. The heat 
transfer coefficient can be back calculated from the 
experimental results with a simple model based on 
fundamental assumptions. 

Although the technique was only applied to flu- 
idized beds it could be easily applied to other multi- 
phase systems. 

The current particle injection technique produces 
slow dispersion of the injected sample in the bed with 
a characteristic mixing time of about 1 s, and this 
may cause considerable masking of the heat transfer 
effects. 
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UNE METHODE EXPERIMENTALE POUR DETERMINER LE COEFFICIENT DE 
TRANSFERT THERMIQUE ENTRE DE FINES PARTICULES FLUIDISEES ET L’AIR A 

TRAVERS DES CHANGEMENTS DE PROPRIETES MAGNETIQUES 

K&sum&-On decrit une nouvelle technique experimentale pour evaluer les coefficients de transfert ther- 
mique gazzparticule. La technique utilise le changement de proprietes magnetiques d’une ferrite a bas point 
de Curie et le suivi du changement de temperature dun Cchantillon de particules froides injectees dans un 
lit fluidise chaud. Ce lit a un diametre de 28 mm et il est entoure dune spire de detection qui est capable 
de deceler le changement de proprietts magnitiques de materiaux presents dans le lit. Un modele est 
developpe qui relie le signal de tension, en sortie de la spire de detection, au coefficient de transfert 

thermique gaz-particule. Des resultats exptrimentaux prtliminaires sont compares a ceux du modele. 

EINE EXPERIMENTELLE METHODE ZUR ERMITTLUNG DES 
W;iRMEUBERGANGSKOEFFIZIENTEN ZWISCHEN KLEINEN FLUIDISIERTEN 

PARTIKELN UND LUFT MITTELS ;iNDERUNGEN DER MAGNETISCHEN 
STOFFEIGENSCHAFTEN 

Zusammenfassung-Ein neues experimentelles Verfahren zur Bestimmung des WCrmehbergangs-Koeffi- 
zienten zwischen Gas und kleinen Partikeln in einem FlieRbett wird beschrieben. Das Verfahren benutzt 
die Anderung der magnetischen Stoffeigenschaften eines Ferrites mit niedrigem Curie-Punkt, urn die sich 
andernde Temperdtur von in ein heil3es FlieBbett injizierten kalten Partikeln zu verfolgen. Das Bett hat 
einen Durchmesser von 28 mm und ist von einer Spule umgeben, die Anderungen der magnetischen 
Stoffeigenschaften des im Bett enthaltenen Materials detektieren kann. Ein Model1 wurde entwickelt, 
welches die Ausgangsspannung der Spule und den Warmeiibergangs-Koeffiizienten zwischen Gas und 

Partikeln in Beziehung se&t. Vorlaufige experimentelle Ergebnisse werden mit dem Model1 verglichen. 

3KCHEPHMEHTAJIbHbIH METOp OHPEAEJIEHMfl K03@@HHHEHTA 
TEHJIOHEPEHOCA MExflY HCEBfiOO1. _xEHHbIM CJIOEM MEJIKHX HACTHH M 

B03AYXOM HYTEM M3MEHEHHll MAFHHTHMX CBORCTB 

~OTawa--On~~HHOBbIB3KCnepAMeHTanbHbIH MeTOAO~~AeJIeH~aK03'$~AWeHTOBTeIIAOIIepeHOCa 

MemA~~a3OM~~aCrW~aMBB~CeBAOO~W~eHHbIXCAOIIXMeAK~XYa~~~.~eTOAOCHOBaHHa~3MeHeH~~ 

M~HHTHbIXCBOiiCTB ~ppuTaCHW3KOiiTOYKOaKH3PUa n03BOAlIeTIIpoUIeAHTb3aH3MeHeHHcM TeMne- 

paTypbIIIOpUUU XOJIOAHbIXYaCTkiLI,BBeAeIiHbIXB Ha~peTtiIICeBAOOWi~eHHbliiCJIOi?.CJIOii AUaMeTpOM 

28 MM IIOMeIlJeH B AeTeKTOpHyH, KaTj'lUKy, CIlOCO6HyH, YJIaBJEiBaTb U3MeHeHHe MaI'HUTHbIX CBOkTB 

MaTepHaAacJIOK.h3pa6oTaHa MOAeJIb,CBK3bIBaKWaaC%i~HaJIHanpa~eHLia HaBbIXOAe H3AeTeKTOpHOfi 

KaTyUIKHcK03@BQHeHToM rerrnoneperroca Memqy ra3o~a~acTmam.Ilp0~0Aa~cKcpaBHemienpcA- 
aapATeAbHOnOAy~eHHbIX3KCnepuMeHTaAbHbIXAaHHbIXCMOAeAbIo. 


